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Abstract 
We studied the magneto-transport properties of graphene prepared by exfoliation on a 
III-V semiconductor substrate. Tuneability of the carrier density of graphene was 
achieved by using a doped GaAs substrate as a back-gate. A GaAs/AlAs multilayer, 
designed to render the exfoliated graphene flakes visible, also provides the required 
back-gate insulation. Good tuneability of the graphene carrier density is obtained, and 
the typical Dirac resistance characteristic is observed despite the limited height of the 
multilayer barrier compared to the usual SiO2 oxide barrier on doped silicon. In a 
magnetic field weak localization effects as well as the quantum Hall effect of a gra-
phene monolayer are studied.  
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I. Introduction 
Graphene is probably the most exciting material discovered in the last few decades. 
Its unusual mechanical and electronic properties suggest numerous applications, most 
of them based on the electronic transport properties of the material. Being the first 
material, however, which consists only of surface and not of bulk, these properties are 
strongly influenced by the choice of the supporting substrate, by potential contamina-
tion layers on the substrate, as well as by adsorbates or capping layers placed on top 
of the graphene mono- or few-atomic layers. Electronic mobility, for example, one of 
the key parameters determining the transport properties, is highest for exfoliated gra-
phene. Especially freely suspended graphene
1
, or graphene placed on the host sub-
strate boron nitride
2
 which is well lattice matched, exhibit extremely high mobilities, 
allowing the observation of the fractional quantum Hall effect.
3
 Bottom-up methods 
like the growth of graphene on SiC, or CVD growth on metal surfaces can provide 
much larger graphene sheet sizes, but usually with inferior mobility
4
 up to now. Since 
CVD growth is usually performed on catalytically active metal surfaces, the transfer 
of the graphene layers to an insulating substrate is required to exploit their electrical 
properties. However, the substrate choice does not necessarily have a deteriorating 
effect only. It can also be exploited to obtain new functionality by taking advantage of 
a combination of another material’s specific properties with those of graphene. Two 
examples are the above-mentioned combination of boron nitride and graphene, or re-
cent theoretical suggestions to combine graphene with ferromagnetic material
5-8
 in 
order to enable spin polarized transport in graphene via the ferromagnetic proximity 
effect. For the latter, the III-V semiconductor GaAs:Mn could be a suitable choice. 
Also the study of graphene by more exotic probing methods, like e.g. surface acoustic 
waves, becomes possible when the material is placed on a piezoelectric material like 
GaAs. 
Up to now, however, relatively few studies have been reported on graphene on III-V 
semiconductor surfaces. This is mainly due to the lack of a simple device fabrication 
method on these materials, as is available for Si/SiO2 substrates.
9
 Only a few studies 
have focussed on graphene on GaAs.
10-12
 None of them is on electrical transport, de-
spite some advantages which this electronic material, which is the best known next to 
Silicon, could have. The superior surface quality of GaAs compared to the usually 
very rough thermally oxidized SiO2 should positively influence the transport proper-
ties of graphene, and its higher dielectric constant would cause shorter screening 
lengths of charged impurities. Understanding the properties of graphene on GaAs 
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could be a first step towards combining it with Mn-doped GaAs, eventually aiming at 
spintronic applications. In this paper we present , after our earlier demonstration
12
 that 
graphene can be exfoliated and made as easily visible on GaAs as on SiO2, the first 
study of the electronic, and especially magneto-transport properties of this material 
combination. The tuneability of the carrier density is achieved by using a doped GaAs 
substrate as a back-gate, whereby the GaAs/AlAs multilayer needed to achieve optical 
visibility also provides the insulating barrier between the back-gate and graphene.  
 
II. Device Preparation 
Specially layered GaAs/AlAs substrates for graphene exfoliation and identification 
were grown by molecular beam epitaxy, as described in [12]. While the layer se-
quence shown in Fig. 1(a) provides good visibility in the green spectral region, the 
energy band structure of the layers, see Fig. 1(b), indicates that it should also function 
as an insulating barrier. Its electrical breakdown voltage is expected to be lower than 
for an SiO2 insulator of similar thickness, but the higher dielectric constant of 
GaAs/AlAs partly relaxes this constraint since the gate voltage for a given graphene 
carrier density change can be three times smaller. 
Fig. 1. (Colour online) (a) A schematic diagram of the fabricated substrate layer sequence. (b) 
A band structure simulation of the GaAs/AlAs substrate. The upper trace indicates conduction 
band energy, the lower one shows valence band energy, the dotted line shows the Fermi en-
ergy level. The dashed line shows the theoretical carrier density in the heterostructure.  
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The detailed growth sequence for the substrate was as follows: In a standard III-V 
solid source molecular beam epitaxy (MBE) system 300 nm of Si-doped n
+
-GaAs 
were grown as a starting layer to extend the n
+
-type GaAs(100) back-gate substrate. 
This was followed by 20 nm of undoped GaAs, to suppress Si segregation into the 
upper layers. During this growth step the substrate temperature was increased from 
580°C to 640°C in order to obtain smooth AlAs/GaAs interfaces. Next, the dielectric 
mirror, important for graphene visibility, was grown, consisting of three AlAs layers 
and two GaAs layers, each of 40 nm thickness. To prevent the oxidation of the up-
permost AlAs layer, the structure was capped by 5 nm of GaAs. The roughness of the 
fabricated heterostructures was checked with atomic force microscopy, and over sev-
eral scanned areas, a mean RMS roughness of about 0.3 nm was determined, a factor 
of two lower than for the thermally oxidized SiO2 substrates, which we had studied in 
parallel.  
Graphene was prepared on this substrate by the exfoliation method, in practically the 
same fashion as usually employed on a Si/SiO2 substrate.
9,13
 The resulting flakes were 
located in an optical microscope using green light for contrast enhancement.
12
 The 
method is sensitive enough to distinguish graphene mono- and bi-layers. In a next step 
Fig. 2. (Colour online) (a) Graphene flakes deposited on a GaAs substrate. Mono- (ML), bi- 
(BL) and tri-layers (TL) of graphene can be easily distinguished by an optical microscope 
when equipped with a 550 nm green filter for contrast enhancement [12]. (b) Example of 
scanning electron micrograph of a graphene Hall bar on a GaAs substrate. (c) A picture of an 
assembled device in protective housing. The graphene device (the middle part) is mounted in a 
TO8 compatible chip carrier which is sandwiched by two PCB carriers with all contacts short. 
This approach keeps all graphene terminals at the same electrical potential and prevents dam-
aging by electrostatic discharge, for instance, during wire bonding or mounting on to a meas-
urement setup. 
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devices were fabricated using electron beam lithography and PMMA masks. The 
geometrical definition of Hall bars was achieved by dry etching of graphene in an ar-
gon/oxygen plasma. In a final step, metal contacts (100 nm Au on top of 10 nm Ti) 
were made by evaporation and lift-off. Typical Hall bar dimensions were 20 µm by 
10 µm, but occasionally much bigger flakes were obtained with this technique (Fig. 
2).  
 
III. Electrical Transport Properties 
As already mentioned the accessible range of back-gate voltages is limited by current 
leakage due to electrical breakdown between the GaAs substrate and graphene. The 
IV-curves in Fig. 3 illustrate typical leakage in our devices. At liquid helium tempera-
ture leakage starts at a forward bias of –1 volt (back-gate negative with respect to gra-
phene), while under reverse bias up to +5 volts can be applied, giving a total range of 
6 volts for carrier density tuning.  At room temperature the leakage is larger, but it 
still allows a rough check of device integrity.  
Before cooling down, the samples were kept in vacuum (approx. 10
-6
 hPa) at room 
temperature for two hours. At base temperature (15 mK) and using dc current levels 
of 100 nA, two-terminal longitudinal resistance measurements were performed 
(Fig. 4a). The conductivity was determined upon varying the graphene carrier density 
Fig. 3. (Colour online) Leakage current between graphene and a back-gate of a GaAs/AlAs 
heterostructure. The usable range of back-gate voltages is significantly increased at low tem-
peratures. The square black points represent leakage current at room temperature, and the cir-
cular blue points that at low temperature (T = 20 mK), respectively. 
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via the back-gate voltage and the result is shown in Fig. 4b. Very favourably we found 
that - already in the as-prepared state - the charge neutrality point (CNP) of graphene 
was always at back-gate voltages very close to zero, in stark contrast to exfoliated 
graphene on SiO2, where - without special treatment - voltages of typically around 
+40 V or more are required to tune the carrier density to zero. Therefore, the limited 
back-gate voltage of only +5 volts presented no hindrance for the use of graphene on 
GaAs. We studied each device in several cool-down cycles and found that the CNP 
was slightly shifted between cool-downs. The data below are from one device, but 
were collected in different cool-down runs.  
At different back-gate voltages the carrier density n was determined from Hall meas-
urements. A linear dependence n = α(VBG – V0) was observed (Fig. 4c), with α = 
28.9×10
10
 cm
-2
V
-1
, corresponding to a gate capacitance per unit area CG = αe (e is the 
elementary charge) of 0.46 nF/mm
2
. The values are in good agreement with a theo-
retical estimate based on a plate capacitor model, which predicts α = 30×1010 cm-2V-1 
and CG = 0.48 nF/mm
2
. In the calculation an effective static relative permittivity of 
κeff = 11.2 was used for the multilayer substrate, compared to the value 
2SiO
= 3.9 
Fig. 4. (a) Graphene device resistivity change as a function of back-gate voltage. The charge 
neutrality point (CNP) for this sample occurred at 0V =0.26 V at T = 15 mK. The upper hori-
zontal scale gives the carrier concentration determined according to the description under (c). 
(b)  Conductivity in dependence on graphene carrier concentration.
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[14] for SiO2. Correspondingly a SiO2 layer of 300 nm thickness exhibits values of 
2SiO
 = 7.2×10
10
 cm
-2
V
-2
 and 
20GSi
C = 0.11 nF/mm
2
.
15
 For the minimum conductivity 
at the CNP we obtained 0  ≈ 6.1 he
2 , and the field effect mobility, defined by 
BGG dVdC
1 , was about 1.2 T
-1
 for holes and 1.0 T
-1
 for electrons.
16
 Contact re-
sistance was approximately 1 kΩ at low temperature for a typical contact size of 5×3 
µm². These values compare favourably to the typical mobility of 0.4 … 0.7 T-1, which 
were obtained with practical identical processing on our Si/SiO2 substrates. 
In order to estimate the charged impurity density in the GaAs substrate and the resid-
ual carrier density carrying the current at the CNP, we applied the self-consistent the-
ory for graphene transport described in [17]. From this we obtained, for the impurity 
carrier density )(/2 slimp rFhen , a value of approximately 8.6×10
11
 cm
-2
, and for the 
residual carrier density n* = σminhFl(rs)nimp/2e² a value of 1.3×10
11
 cm
-2
. In these ex-
pressions rs = 2e²/ħvF(κ1+κ2) = 0.33 is an interaction parameter which depends on the 
dielectric constants of the material sandwiching the graphene flake, vF = 1.1× 10
10
 m/s 
is the Fermi velocity, and  
Fl(rs) = πrs² + 24rs³(1-πrs) + 16rs³(6rs²-1)arccos(1/2rs)/√(4rs²-1) is a long-range scatter-
ing parameter.
18
 In our case κ1 = 11.2 for GaAs substrate and κ2 = 1 for vacuum. From 
the CNP shift V0 of 0.26 V, we obtain a value n0 = CGV0/e = 7.8×10
10
 cm
-2
, whereas 
from the model, a theoretical CNP shift of V0th = √π ħvFnimp/2e√n* of 0.15 V would be 
predicted, corresponding to a mean carrier density of 4.6×10
10 
cm
–2
. All these values 
are in reasonable agreement. It should be pointed out that a bigger dielectric constant 
of the substrate leads to a lower interaction parameter α. According to the theory17 this 
leads, at a given charged impurity concentration, to a higher device mobility, since 
Fl(rs) is a monotonically decreasing function. (For SiO2 rs ≈ 0.81, and for the 
GaAs/AlAs substrate rs is approx. 0.33). The above calculations rely only on the the-
ory of long-range scattering on charged impurities in graphene around the CNP. Re-
cent experiments and theoretical work suggest that resonant scatterers also play an 
important role in transport, and limit graphene’s mobility.19,20,21 
IV. Magneto-transport Measurements 
To fully characterize the electrical transport properties and the quality of the Hall 
quantization, measurements were performed in magnetic fields up to 13 T for both 
field polarities at T = 50 mK. The longitudinal and Hall resistance measurements 
shown in Fig. 5 were taken at a hole carrier density of 5.3×10
11
 cm
–2
 (corresponding 
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to -1 V back-gate voltage in this cool-down cycle) using an 8½ digit DVM  and a  
1 µA current source, a combination which was carefully calibrated against a 12.9 kΩ 
standard resistor. The field sweep rate was 0.5 T/min. The curves exhibit wide and 
clearly visible quantized Hall plateaus beyond ±6 T. They correspond to Landau level 
filling factor = 2 and confirm the monolayer character of the flake. Quantized resis-
tance features at filling factors of 6 and 10 were barely noticeable, however. The in-
sets (c) and (d) of Fig. 5 present zoom-in views of the Hall resistance at the plateaus 
in comparison with the theoretical resistance value h/2e
2
. We averaged the measured 
Hall resistance values over an interval 1B T at the approximate plateau centres 
located at -10 and +10 T, and calculated the relative deviations δRH from the theoreti-
cal value. Relative deviations of +3.3 ppm and +4.0 ppm were obtained for the two 
field directions, both within the total measurement uncertainty which amounted to 
7.7 ppm. In order to check whether this could already indicate a possible deviation 
from exact quantization caused by a coexistence of electrons and holes, we further 
studied the quantization quality at reduced carrier densities, i.e. close to the graphene 
Fig. 5. (Colour online) Magneto-transport properties of graphene. (a) Two-terminal longitudi-
nal resistivity and (b) Hall resistance for magnetic fields up to B = 13 T at temperature 
T = 50 mK and carrier concentration n ≈ –5.3×1011 cm–2. Dotted lines mark the value h/2e². 
Insets (c) and (d) show zoom-in views of the Hall resistance plateau. Mean resistance values 
were calculated from 200 data points from an interval of ±1 T around -10 T and +10 T, yield-
ing a relative standard deviation of the mean of 7.7 ppm. Relative deviations from h/2e² of 
3.3 ppm and 4.1 ppm at -10 T and +10 T, respectively, are within this uncertainty. 
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charge neutrality point and in magnetic fields below B = 6 T (Fig. 6). Achieving such 
a low field operating regime is an important design goal for graphene based QHE re-
sistance standards,
22
 because in that regime, one of the fundamental differences of 
graphene compared to GaAs based quantum Hall resistance standards can be ex-
ploited, namely the square-root dependence of the Landau-level splitting on a mag-
netic field. The relative advantage of graphene over the conventional systems in-
creases the lower the magnetic field, and, hence, the carrier density are. While it has 
been shown recently that graphene grown on SiC and covered by organic top layers
23
 
can be tuned to rather low carrier densities and still exhibit good carrier density ho-
mogeneity, it is not clear whether the same can be achieved with exfoliated graphene 
on other substrates.  
We performed this study in another cool-down cycle of the device where a back-gate 
voltage variation from -1 V and 0 V changed the hole carrier density from 
3.6×10
11 
cm
–2
 to 0.7×10
11 
cm
–2
. The ν = 2 Hall plateau is still observed for magnetic 
fields well below B = 10 T, but at small carrier densities it becomes more and more 
distorted (Fig. 6a).  The distortions are fully reproducible; such a behaviour was re-
ported similarly for graphene on a SiO2 substrate.
24,25
 In Fig. 6b Hall resistance meas-
urements in a magnetic field between 5.25 T and 6 T are presented for carrier densi-
ties in the range 3.6×10
11 
cm
–2
 to 2.7×10
11 
cm
–2
. Relatively small changes of n re-
sulted in strong, reproducible distortions, well above the noise level of the measure-
Fig. 6. (Colour online) (a) Quantum Hall resistances near the graphene charge neutrality point 
in moderate magnetic fields up to B = 6 T at T = 50 mK. A dotted line marks the value h/2e². 
(b) Hall resistance fluctuations for carrier concentrations varying from –3.6×1011 cm–2 to –
2.7×10
11 
cm
–2
 in a magnetic field interval from 5.25 T to 6 T. Smaller carrier concentrations 
resulted in more pronounced distortions from a plateau. Simple measure of the distortion as a 
signal mean value and a standard deviation were utilized and shown in (c) and (d), respec-
tively.  
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ment in amplitude. The distortions are quantitatively described in Fig. 6c and d by 
plotting their mean value and standard deviation in dependence on the carrier density. 
For a hole carrier density of 3.6×10
11 
cm
–2
 the Hall resistance shows a relative devia-
tion from the theoretical value by approximately 5 parts in 10
5
. This is already too 
high for an application as a quantum resistance standard. For even lower densities the 
deviation from exact quantization drastically increases, reflected by a monotonic de-
crease of the mean value and a significant increase of the standard deviation.  
We speculate that the behaviour described reflects the electron- and hole-puddle for-
mation - due to disorder
26
 - in a graphene structure as proposed by Poumirol et al.
25
 
They observed similar phenomena in much higher magnetic fields of several tens of 
Teslas, and for higher carrier densities around n = 10×10
11 
cm
–2
. It is widely accepted 
that the chemical potential variations within a graphene flake are mainly caused by 
non-homogeneously distributed charged impurities both under and above the 
flake.
27,28
 Therefore, in the vicinity of the graphene charge neutrality point n-type and 
p-type carrier regions (puddles) form. In the case shown in Fig. 6 holes were the ma-
jority carriers, but both carrier types contributed to transport. The contribution of n-
type charges increased more and more while reducing the total number of carriers by 
tuning the back-gate voltage towards the charge neutrality point. The minimum carrier 
density at which a still relatively precise Hall resistance quantization of 50 ppm is ob-
served (3.6×10
11 
cm
–2
 in our case), is in qualitative agreement with calculations based 
on a self-consistent theory for graphene transport.
27
 Within this theory the residual 
carrier density n* of the device at the CNP is a statistical rms measure of carrier den-
sity fluctuations and it is considered to play the most important role in the graphene 
transport at the CNP.
27,29
 Since the probability distribution function (PDF) of carrier 
density fluctuations is not a simple Gaussian
29
, it is difficult to quantitatively assess 
the maximum range where electron-hole-puddle formation is significant. Ignoring this 
and approximating the PDF by a Gaussian (at a 99.7% confidence level), a maximum 
carrier density range of nmax = 3n* = 3.9×10
11
 cm
-2
 can be estimated, close to the ob-
served value of 3.6×10
11 
cm
–2
. Earlier investigations of the local electronic properties 
of a graphene flake with a scanning single electron-transistor
26
 and a scanning tunnel-
ling microscope
30,31
 support this. It was reported
30,31
 that carrier density fluctuations in 
graphene on SiO2 are of the order of (3.5 – 4.0)×10
11 
cm
-2 
at zero magnetic field. 
Those results were confirmed by graphene transport investigations in the quantum 
Hall regime.
32
 Obviously graphene on GaAs behaves quite similarly to graphene on 
SiO2, and our investigation is, to our knowledge, the first to report these observations. 
- 11 - 
V. Weak Localization 
In order to check for other similarities between graphene on GaAs and graphene on 
SiO2, we also considered the weak localization effects of this material. In magnetic 
fields lower than 80 mT we studied the magneto-conductance of the graphene device 
at a temperature of 15 mK (Fig. 7). An applied magnetic field suppresses weak local-
ization by altering the phase of electrons travelling in opposite directions along time-
reversed paths, which leads to the observed change of the magneto-conductivity. We 
observed such a weak localization effect, superposed by reproducible variations remi-
niscent of universal conductance fluctuations. In addition, large and reproducible 
variations of the magneto-conductivity at different back-gate voltages VBG were ob-
served (grey curves). To assess the mean weak localization contribution (black curve), 
we used the procedures employed in [33,34] and averaged several magneto-
conductance traces (grey curves) taken at various VBG ranging from 0 to 1 volt in 0.1 
volt steps. This voltage range corresponds to mean carrier densities between 
8.3×10
11
 cm
-2
 and 6.3×10
11
 cm
-2
. The averaged magneto-conductivity curve can be 
described by a widely used weak localization model.
33
 A fit of the model equation to 
our data is shown as a dashed trace in Fig. 7. However, conductivity corrections do 
not only depend on the dephasing time τΦ due to inelastic scattering, but also on  elas-
tic scattering described by an intervalley scattering time τi and an intravalley scatter-
Fig. 7. (Colour online) Magnetoconductivity for various back gate voltages observed in the 
graphene device with magnetic fields up to 80mT (grey curves). The solid curve describes a 
mean magnetoconductivity for the VBG range from 0 V to 1 V with 0.1 V step, while the 
dashed one is a weak localization fitting curve. Charge neutrality voltage for this sample was 
4.2 V and measurement temperature was 15 mK. Obtained dephasing time , intervalley 
scattering time i  and intravalley scattering time  were approximately 4.4×10
-12 
s, 9.6×10
-12 
s and 1.4×10
-13 
s. This corresponded to L  ≈ 540 nm, iL  ≈ 800 nm, and L  ≈ 10 nm, respec-
tively. 
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ing time τ*. Intervalley scattering occurs on sharp defects and crystal structure imper-
fections, while intravalley scattering is mostly caused by dislocations with the size of 
the lattice spacing and graphene flake rippling.
35
  
The average conductivity correction Δσ(B) = σ(VBG,B) - σ(VBG,0) due to the weak lo-
calization was evaluated utilizing the formula
34
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where F(x) = ln(x) + Ψ(½+x-1), Bφ,i,* = ħτφ,i,*
-1
/4De and Ψ is a digamma function. Hav-
ing determined the scattering times, one can estimate corresponding scattering 
lengths, according to Lφ,i,* = (Dτφ,i,*)
1/2
.
Fehler! Textmarke nicht definiert.,36
 The diffusion con-
stant D was found using the expression D = ½vF
2
(τi
-1
+τ*
-1
)
-1
, which considers point 
disorder for intervalley scattering and charged-impurity disorder for intravalley scat-
tering.
37
 From the analysis we obtained values of 4.4×10
–12 
s, 9.6×10
–12 
s and 1.4×10
–
14 
s for , i , and , respectively, which correspond to lengths L  ≈ 540 nm, iL  ≈ 
800 nm, and L  ≈ 10 nm. Of course these values are only approximate since they 
strongly depend on carrier density. Magneto-conductivity was also strongly affected 
by universal conductance fluctuations. In any case, our results can be compared with 
those from weak localization investigations of graphene on SiO2.
33,34
 In both cases 
intravalley scattering times were approximately two orders of magnitude smaller than 
dephasing and intervalley scattering times. Based on [35] we conclude that our system 
was in the electron localization regime. Calculated ratios of > 10 confirm such 
an electron localization. However, the ratio i ≈ 0.5 is close to the theoretical 
value separating localization and anti-localization regimes. We suppose that this was 
due to the relatively low carrier density below 1×10
12
 cm
–2
 used in our experiment.  
 
VI. Conclusion 
In conclusion we have presented a study of the magneto-transport of exfoliated gra-
phene prepared on a specially grown GaAs/AlAs substrate. It is possible to control the 
carrier density in graphene by the back-gating action of the doped GaAs substrate de-
spite a much lower insulating barrier than that provided by SiO2 on silicon substrates. 
Although the accessible voltage range is limited by the onset of gate leakage, the 
characteristic features of graphene can be observed, since the higher dielectric con-
stant of GaAs/AlAs makes the tuning by a back-gate more efficient, and since - al-
- 13 - 
ready in the as-prepared state - the charge neutrality points lie within the accessible 
gate voltage range. Apart from these differences graphene on GaAs behaves very 
similarly to graphene on SiO2, as the quantum Hall voltage features at high magnetic 
field and the weak localization effects at low field have shown. The observed devia-
tion of the Hall quantization from the exact h/2e² value at fields of 6 Tesla and below 
is probably caused by the coexistence of electron and hole puddles occurring at low 
carrier densities in the vicinity of the charge neutrality point. Since also in graphene 
prepared on SiO2, no Hall quantization as precise as that observed for epitaxial gra-
phene has been reported to date, our findings underpin the fact that it will be a non-
trivial task to prepare exfoliated graphene in such a way that it can serve as a precise 
resistance reference at very low magnetic fields. There it would allow its unique ad-
vantages over an established quantum Hall system like a GaAs based two dimensional 
electron system to be fully exploited. However, applications of graphene which is tai-
lored to the substrate not aiming at such ultra-precision measurements will hopefully 
benefit from the findings reported in this paper. 
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